Reservoir depletion will cause the safe equivalent circulation density (ECD) operating window of drilling fluids to narrow, or even disappear. Previous studies have proposed a set of two specific casings at the top and bottom of the depleted reservoir, respectively, or conducted wellbore strengthening to increase fracture pressure, but these will cause a waste of time and costs, or differential pressure sticking. Aiming at resolving this problem, a novel concept and evaluation method of moderate collapse in the shale cap was developed and case calculations were performed. The results show that the degree of collapse is different for wells drilled in different types of fault regimes, and it can be controlled by optimizing the well trajectory. The collapse pressure within the shale cap was decreased due to reservoir depletion, and when a certain degree of collapse was acceptable, the collapse pressure can be even lower and a safe operating window will appear which can be beneficial to optimizing the casing program and drilling design. The research results provide a theoretical basis and new design idea for successfully and economically drilling into new untapped reservoirs in deeper horizons through depleted zones in the future.
Introduction
At present, more than 70% hydrocarbon resources are being obtained from secondary and tertiary recovery [1] . The development of mature oil fields is playing an important role in energy sources and has attracted increasing attention in recent years [2] . Long-term production from hydrocarbon reservoirs can lead to decreases in the pore pressures over the lifetime of the field unless sufficient pressure support is supplemented [3] . For example, the reservoir pressure in the Sirte Basin in Libya was depleted into 2200 psi from an initial 3800 psi after less than 40 years [4] . Oil and gas production was seriously reduced, and accompanying reservoir depletion forced the drilling of new horizontal wells as producers or injectors or drill into new untapped reservoirs in deeper horizons through highly-depleted reservoirs. Hence, successfully and economically drilling through depleted zones becomes significant either in maintaining oil production levels or in reaching new hydrocarbon targets. However, a variety of drilling accidents happen frequently, such as differential pressure sticking, lost circulation, and so on, which seriously restrict the drilling efficiency and successfully reaching untapped reservoirs [5] [6] [7] [8] .
In order to overcome this problem, extensive studies have been conducted. These studies showed that a reduction in reservoir pressure will result in a reduction in the stresses acting within the reservoir. In turn, the fracture gradient will be decreased [3, [9] [10] [11] [12] [13] [14] . Thus, when using the same drilling fluid density as in the early stage of oilfield development, significant lost circulation and sticking problems will be experienced during the drilling process due to the current lower pore pressure and fracture pressure in depleted reservoirs. Hence, new well designs, such as underbalanced drilling (UBD) technology, were implemented which can reduce formation damage and avoid differential sticking and lost circulation due to lower ECD application [4, 15, 16] . However, due to the higher collapse pressure in the shale cap above the depleted reservoir, a contradiction existed between maintaining the mechanical stability in the overlaying shale cap and controlling fluid losses in the depleted reservoir caused by hydraulic fracturing [17] . Thus, the specific casing should be set above the depleted reservoir to isolate the shale cap. Although the approach can allow a lower ECD application and enable successful drilling, a waste of time and costs will be caused by running the specific casing. In order to avoid the specific casing set and make it allowable that the shale cap and depleted reservoir be in the same open hole, new ideas, such as wellbore strengthening, have come into being which can enhance the fracture gradient in the depleted reservoir to extend the drilling margin [6, [18] [19] [20] [21] [22] [23] [24] [25] . Although the approach can reduce the risk of lost circulation, the required higher ECD to maintain the mechanical stability in the overlaid shale cap may trigger differential pressure sticking in the depleted reservoir due to its lower pore pressure. By this time, it is hoped that the ECD to be as low as possible. Extensive studies on wellbore stability in shale have been conducted [26] [27] [28] [29] [30] [31] , but conventional collapse pressure in shale, which was usually referred to as ECD design, was often evaluated by assuming the wellbore is completely stable [32, 33] , and the recommended results were relatively conservative. In fact, some studies have showed that a certain amount of collapse can be acceptable due to the self-stabilization effect during the collapsing process, and a lower ECD than collapse pressure can be used, which may have a number of advantages, such as increasing the drilling rate, reducing formation damage, and so on [34, 35] . Based on this, the moderate collapse concept and design method in the shale cap near the depleted reservoir were proposed in this paper so as to extend the allowable drilling margin and provide a reference for drilling design in depleted reservoirs.
Conventional Wellbore Stability Analysis and Design in a Depleted Reservoir
The purpose of wellbore stability analysis is to create a safe operating window of ECD such that the designed ECD will be high enough to avoid wellbore collapse and blowout or low enough to avoid mud loss during the drilling process [36] :
where, P is the pore pressure gradient (g/cm 3 ); Pc is the collapse pressure gradient, g/cm 3 ; and FG is the fracture gradient (g/cm 3 ). In a depleted reservoir, pressure depletion will extend over the majority of the reservoir from the near borehole region with time. In turn, a magnitude change of in situ ground stress is caused and, consequently, wellbore stability is significantly altered. The studies showed that the drilling risks of wellbore collapse and blowout will be decreased and mud loss risk will be increased in the depleted reservoir [1, 3, 6] . Therefore, the fracture gradient in depleted reservoir was the emphasis of research in previous studies.
The fracture gradient (FG) of a particular well consists of two components, which are the fracture initiation gradient (FIG) and the fracture propagation gradient (FPG), respectively [3] . FIG is the well pressure gradient required to initiate a fracture in the wellbore wall, which is the fracture breakdown pressure gradient in a leak-off test (LOT). FPG is the well pressure gradient required to propagate the initiated fracture into the far-field away from borehole, and FPG is commonly equal to the minimum principal in situ stress or fracture closure pressure which can be observed on the decline curve of a leak-off test following the breakdown pressure [3, 37] . In the ECD design, FPG is often referred to as the lower bound of the fracture gradient and FIG as the T is the tensile strength, MPa; g is the gravitational acceleration, g/cm 3 ;
and H is the buried depth, m. By definition, FPG does not include any accommodation for the stress concentration around the borehole and the tensile strength of the rock, so it can be written as follows:
After reservoir depletion, minimum and maximum principal in situ stress will also be decreased, and the relations between stress changes and pore pressure depletion can be described as follows:
where,  is Poisson's ratio.
Then, the change of FIG and FPG after reservoir depletion can be derived by inserting Equation (4) into Equations (2) and (3):
The above equation implies that FPG will be decreased with reservoir depletion, which will increase mud loss risk during the drilling process.
However Therefore, when drilling through hard ( is smaller) and highly-depleted reservoirs into a new, untapped reservoir, the following challenge will be confronted: the reduction of FG in the depleted reservoir is greater, and the collapse pressure in the shale above and below the depleted reservoir is higher, so there will no longer be a safe ECD operating window. Aiming at this problem, conventional drilling design would set two specific casings at the top and bottom of the depleted reservoir, respectively, and individual ECD was used in each of the intervals according to the results of wellbore stability analysis ( Figure 1 ). Although the approach can allow lower ECD application and enable drilling successfully, a waste of time and costs will be caused by running the two specific casings. Furthermore, since the casing program was increased, more sizes of drilling bits and pipes, and more types of drilling fluids were needed which may make planning and staging the wells a more significant challenge [39] . Thus, optimizing conventional design methods was imperative. The leftmost column represents the stratum and corresponding drilling risks, the middle column represents pressure gradient where the blue and red dashed lines represent lower and upper limit of ECD respectively, and green solid line respects the recommended ECD, the rightmost column represents casing program designed to isolate the multi-pressure system.
Concept for Moderate Collapse and Quantitative Evaluation in the Shale Cap.
The borehole will form a stable elliptical shape after 4-6 collapses ( Figure 2 ). The borehole degree of collapse can be described by the collapse angle ( c  ) and the borehole diameter enlargement rate (  ), where  can be written as follows:
where, OA R is the radius of the bit, mm; and OB R is the radius of borehole, mm. The studies showed that when the borehole degree of collapse was controlled within a reasonable range, no serious drilling accidents will be triggered since the borehole can form a stable elliptic shape, however, when the borehole degree of collapse is outside the scope, there will be an unstable borehole which is unacceptable. Therefore, wellbore stability can be designed under the condition of moderate collapse [34, 35] . In general, the case was acceptable due to the influence of borehole cleaning and other factors, and the value can be determined according to the actual situation. In actual drilling practice, the more common data collected were borehole diameter and bit size, so it is more convenient to describe the borehole degree of collapse with  ; for example, 5-10% of the borehole degree of collapse can be stipulated as acceptable, and the value can be determined according to the actual situation. According to the elastic mechanics theory of porous media, the borehole degree of collapse can be quantitatively evaluated. Concentrated stress was induced surrounding the borehole due to stress redistribution after well drilling. Various authors have addressed the method for calculating the concentrated stress state under the effect of in situ ground stress and bottom-hole pressure [40, 41] . Many wells being drilled for oil and gas production are either horizontal, highly deviated from vertical, or have complex trajectories, and for an arbitrarily-deviated well, the principal stresses acting in the vicinity of the wellbore wall are generally not aligned with the wellbore axis, so the stress state surrounding an arbitrarily-deviated well should be calculated though coordinate system transformation. The stress components in borehole coordinate system can be given through transforming in situ ground stresses: 
where, v  is the vertical principal in situ stress, MPa;  is the well deviation angle; and  is the well azimuth angle relative to the maximum horizontal principal stress orientation. Assuming the plane strain is normal to the borehole axis, concentrated stress component solutions surrounding an arbitrarily-deviated well in terms of cylindrical polar coordinates can be written as follows: 
where r represents the distance from the borehole axis, mm; θ represents the azimuth angle relative to the x-axis; and i P is the bottom hole pressure, MPa.
Shear failure will be generated when the Mohr's circle constituted by the maximum and minimum effective principal stress on the wellbore wall exceeds the shear strength; at this time, borehole collapse occurs. Generally, the Mohr-Coulomb strength criterion is selected to describe the shear failure as follows [42] [43] [44] :
where 1  and 3
 represent maximum and minimum principal stresses, respectively, MPa; C represent cohesive strength, MPa; and  represents the internal friction angle.
It is known by the Mohr-Coulomb failure criterion that shear failure in the borehole wall occurs firstly in the location where the stress difference between the maximum and minimum principal stresses is maximal. Therefore, shear failure will occur firstly at points A and C in Figure 2 . Furthermore, the direction of the major axis of the borehole ellipse is consistent with that of the line OA, so the location of points B and D with the largest borehole diameter have the same polar angle with points A and C.
Putting r = R into Equation (8), the stress components on the borehole wall can be derived as follows: 
Since the values of r  are the same in all locations on the borehole wall, the principal stress difference is maximal when   is maximal. At this point, the corresponding polar angle on the borehole wall is that of the major axis of the borehole ellipse:
Equation (8) indicates that none of the normal stress components including , , r z     , at a point away from the deviated well wall is the principal stress; the principal stresses should be calculated by solving the three roots of the characteristic equation: 
The cubic characteristic equation has three solutions: they are the three principal stresses, respectively, and are denoted as 1  , 2  , 3  from large to small values. The largest borehole diameter is located at points B and D in Figure 2 , and the two points should be in a critical state of failure and stability, so the stress state should satisfy the shear failure criterion, and then the diameter enlargement rate for the arbitrary well can be derived by inserting solutions 1  and 3  into Equation (9) . In return, the needed ECD to maintain moderate borehole collapse can also be derived. The analyses showed that borehole degree of collapse mainly depends on formation parameters (including in situ stress, pore pressure and rock strength) and drilling parameters (including ECD and borehole geometry). The stress parameters within the shale cap will be changed after reservoir depletion, which can influence the valuation of moderate collapse.
Fluids will flow into the adjoining shale cap under the gradually increasing pressure differences driven between the depleted reservoir pressure and the cap pressure. Although the permeability of the shale cap is generally very low, pore fluid can drain over time into the depleted reservoir due to large pressure differences, and the pore pressure decline in the shale cap can be approximately evaluated by a crude diffusivity equation [45] :
Initial conditions are given as follows, assuming a linear depletion in the reservoir pressure with time:
Then, pore pressure depletion at any time tc in the shale cap can be derived via solving Equations (15)- (17) 
; c is the fluid plus pore compressibility, 1/psi; 1 c is the unit conversion contrast; k is the shale permeability, md;  is the fluid viscosity, cp; and f is the shale porosity. After pressure depletion in the shale cap, minimum and maximum principal in situ stress will be also decreased, and the current minimum and maximum principal in situ stress can be derived by inserting Equation (18) into Equation (4): 
Moderate collapse in shale cap can be quantitative evaluated by inserting the current pore pressure and in situ principal stress into the above evaluation method.
Discussion and New Design Idea
The above studies suggested that the borehole degree of collapse in the shale cap depends not only on the depletion degree, but also other factors, such as the mechanical parameters of the shale and borehole geometry. Based on this, the borehole stability in the shale cap near the depleted reservoir and the moderate collapse were analysed in depth later by case calculation. The fundamental parameters were selected for the calculations as follows: 
Wellbore Degree of Collapse Evaluation
The degree of collapse of the wellbore drilled in different types of fault regimes if ECD is equal to 1.10 g/cm 3 were evaluated, as shown in Figures 3-5 . Degree of collapse for an arbitrary wellbore drilled in a normal fault regime. β represents the well azimuth angle relative to the maximum horizontal principal stress orientation. 
Normal Fault Regimes
The results present that the degree of collapse showed two types of trends when the well deviation angle increased: When β < 90°, the degree of collapse will increase when the well deviation angle increases, but when β > 60°, the degree of collapse will decrease firstly, and then increase, and the well deviation angle corresponding to the inflection point is about 30°. When the well is drilled with the same deviation angles, the degree of collapse is lower if the well is drilled away from the orientation of the maximum horizontal principal stress.
Reverse Fault Regimes
The results indicates that the degree of collapse showed two types of trends when well deviation angle increase: when β > 45°, the degree of collapse will increase when the well deviation angle increases, but when β < 45°, the degree of collapse will decrease, and the degree of collapse of the vertical well is higher than that of the horizontal well. When the well is drilled with the same deviation angles, the degree of collapse is lower if the well is drilled close to the orientation of the maximum horizontal principal stress.
Strike-Slip Fault Regimes
The results show that the degree of collapse will decrease for an arbitrary azimuth of the well when the well deviation angle increases, but the trend is more obvious when the well is drilled close to the orientation of the maximum horizontal principal stress, and the degree of collapse of horizontal wells is lower when β < 30°. 
Collapse Pressure Gradient under Moderate Collapse Condition
If a 10% wellbore degree of collapse is acceptable, the collapse pressure gradient under the moderate collapse condition in different stages of reservoir depletion can be calculated using the above methods and the results are shown in Figure 6 , in which the polar angle represents the well azimuth and the polar radius represents the well deviation angle. The results indicate that for all the wells drilled in different types of fault regimes, the collapse pressure gradient will be gradually decreased with the reservoir depletion, and when 50% reservoir pressure is depleted, the collapse pressure gradient will be decreased by about 20%. When the wells are drilled in different types of fault regimes, the safest well trajectory (the blue areas in Figure 6 ) will make a difference: (1) in the normal fault regime, the wells towards the horizontal minimum stress orientation with a deviation angle of less than 30° are safest due to the collapse pressure gradient being the lowest; (2) in the reverse fault regime, the wells towards the horizontal maximum stress orientation with a deviation angle of more than 60° are safest; and (3) in the strike-slip fault regime, the wells towards N5° E-N85° E with a deviation angle of more than 75° are the safest.
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NF RF SF Figure 6 . Collapse pressure gradients under a moderate collapse condition in different stages of reservoir depletion. The first column represents Pc when the reservoir depletion is zero and the first line represents Pc when the borehole is drilled in a stress area associated with normal faults. For every picture, the colour represents the value of Pc, where red represents higher Pc, the polar angle represents the well azimuth, and the polar radius represents the well deviation angle.
Collapse Pressure Gradient in the Shale Cap at Different Locations away from the Depleted Reservoir
Collapse pressure gradients in the shale cap at different locations away from the depleted reservoir are shown in Figure 7 . The results present that when the reservoir pressure is depleted, the collapse pressure gradient in the shale cap will decrease, the influence range is about 30 m near the depleted reservoir, and the reduction of the collapse pressure gradient is greater for the shale cap closer to depleted reservoir.
The collapse pressure gradients could be lower if the wellbore collapse is controlled within an acceptable degree, and if 10% wellbore degree of collapse is acceptable, the collapse pressure gradient can be decreased by 20%.
New Wellbore Stability Evaluation and Drilling Design Optimization
The collapse pressure gradients could be lower under a moderate collapse condition. Hence, a certain degree of collapse was designed into the shale cap with a higher initial collapse pressure gradient when drilling through the depleted reservoir into the new targets. Then the corresponding pressure gradients were evaluated and the casing program was optimized, which are shown in Figure 8 . Compared with the original results, the new results of the wellbore stability evaluation are relatively radical where the collapse pressure in the shale cap was lower. Under this condition, the fracture gradient in the depleted reservoir is greater than the collapse pressure gradient in the shale cap near the depleted reservoir, thus, there will be a safe ECD operating windowf. As a result, the depleted reservoir and shale cap can be allowed in the same open hole, the two specific casings in Figure 1 set at the top and bottom of the depleted reservoir respectively can be omitted as shown in Figure 8 , which will significantly reduce the waste of time and costs caused by running the two specific casings, and fewer sizes of drilling bits and pipes, and fewer types of drilling fluids can be applied. 
Conclusions
Production from hydrocarbon reservoirs can lead to a decrease in pore pressure unless pressure support is provided from a gas cap or an aquifer. Hence, a multi-pressure system was developed where the lower pressure zones are prone to mud loss in depleted reservoir, and the higher pressure zones prone to wellbore collapse in the shale cap above and below the depleted reservoir. The valuation on wellbore stability is the key of safe drilling, which is the basis of drilling design. The previous evaluation on wellbore stability is relatively conservative under the assumptions that wellbore should be completely stable and there is no pressure transmission between the shale cap and the depleted reservoir. However, the existing research results showed that a certain degree of wellbore collapse was acceptable due to its self-stabilization effect during the collapsing process. Furthermore, pore pressure also declined in the shale cap above and below the depleted reservoir. Combining the two findings, a novel concept and quantitative evaluation methods of moderate collapse in shale cap was developed, and case calculations were performed. The results indicated that the degree of collapse is different for the wells drilled in different types of fault regimes, and it can be controlled by optimizing the well trajectory. In the normal fault regime, the degree of collapse is lowest when the wells are drilled towards e h  with a small deviation angle; in reverse and strike-slip fault regimes, the degree of collapse is lowest when the wells are drilled towards H  with a high deviation angle. Furthermore, the decreasing of the fracture pressure caused by reservoir depletion will cause a safe ECD operating window to disappear when the fracture pressure in the depleted reservoir is lower than the collapse pressure in the shale cap, but if the effect of pressure transmission was considered, the collapse pressure within the shale cap was also decreased and the influence range is about 30 m near the depleted reservoir. When a certain degree of collapse was acceptable, the collapse pressure can be even lower and a safe operating window of ECD appeared which can optimize the casing program and drilling design. The new concept and evaluation methods of moderate collapse can provide a theoretical basis and a new design idea for future drilling operations in old oilfields.
